Group II introns, widely believed to be the ancestors of nuclear pre-mRNA introns, are catalytic RNAs found in bacteria, archaea, and eukaryotes. They are mobile genetic elements that move via an RNA intermediate. They retrohome to intronless alleles and retrotranspose to ectopic sites, aided by an intron-encoded protein with reverse transcriptase, maturase, and endonuclease activities. Many group II introns identified in bacteria reside on plasmid genomes rather than bacterial chromosomes, implying that plasmids are havens for these retroelements. This study demonstrates that almost one-fourth of retrotransposition events of the Ll.LtrB intron in Lactococcus lactis are into the plasmid donor. This level is more than twice that predicted based on target size and plasmid copy number relative to the chromosome. In particular, the fraction of such plasmid targeting events was elevated to more than one-third of retrotransposition events by mutation of the intronencoded endonuclease, a situation that may resemble most bacterial group II introns, which lack the endonuclease. Target-site sequences on the plasmid are more relaxed than those on the chromosome, likely accounting for preferred integration into plasmid replicons. Furthermore, the direction of integration relative to promoters and origins of replication is consistent with group II intron retrotransposition into single-stranded DNA at replication forks. This work provides mechanistic rationales for the prevalence of group II introns in natural plasmid populations and underscores that targeting to plasmids, which are themselves mobile elements, could promote intron spread. T he self-splicing group II intron Ll.LtrB from Lactococcus lactis is a mobile retroelement. Ll.LtrB is capable of both efficient retrohoming into its cognate intronless gene (1, 2) and low-frequency retrotransposition to ectopic sites (3, 4). Both processes require a ribonucleoprotein (RNP) complex consisting of the excised intron RNA and the intron-encoded protein (IEP), LtrA (Fig. 1A) , which possesses RNA maturase, reverse transcriptase, and DNA endonuclease activities (5). The excised intron recognizes the DNA target sequences through pairings of the exon binding sites (EBS1, EBS2, and ␦) on the RNA with the intron binding sites (IBS1, IBS2, and ␦Ј) on the DNA and cleaves the target sites by maturase-assisted reverse splicing. The IEP cleaves the opposite strand and initiates reverse transcription of the intron RNA by using the resulting 3Ј-OH end as a primer, in a target-primed reverse transcription reaction (reviewed in ref.
T
he self-splicing group II intron Ll.LtrB from Lactococcus lactis is a mobile retroelement. Ll.LtrB is capable of both efficient retrohoming into its cognate intronless gene (1, 2) and low-frequency retrotransposition to ectopic sites (3, 4) . Both processes require a ribonucleoprotein (RNP) complex consisting of the excised intron RNA and the intron-encoded protein (IEP), LtrA (Fig. 1A) , which possesses RNA maturase, reverse transcriptase, and DNA endonuclease activities (5) . The excised intron recognizes the DNA target sequences through pairings of the exon binding sites (EBS1, EBS2, and ␦) on the RNA with the intron binding sites (IBS1, IBS2, and ␦Ј) on the DNA and cleaves the target sites by maturase-assisted reverse splicing. The IEP cleaves the opposite strand and initiates reverse transcription of the intron RNA by using the resulting 3Ј-OH end as a primer, in a target-primed reverse transcription reaction (reviewed in ref. 6 ; see also Fig . 5B, pathway a). The similarities in mobility mechanisms and reverse transcriptase sequences suggest that group II introns are the progenitors of non-LTR retrotransposons, which are abundant in eukaryotic genomes (7, 8) .
Whereas high-frequency retrohoming utilizes a doublestranded DNA (dsDNA) target and requires the endonuclease to cleave the second strand (2) , rare retrotransposition in L. lactis is less dependent on endonuclease activity of LtrA and appears to frequently use single-stranded DNA (ssDNA) (4) . Although the retrohoming site is recognized over Ϸ40 bp by base pairing with intron RNA and by protein contacts (Fig. 1 A) (5, 9, 10) , retrotransposition has fewer base-pairing possibilities and protein contacts (3, 4) .
Many group II introns reside in mobile elements such as transposons and plasmids, providing an additional means of intron dispersal (11) (12) (13) . We report here that in addition to invading chromosomal sites, Ll.LtrB retrotransposes into many sites spread over the intron donor plasmid. Plasmid invasion is even less discriminatory than chromosomal retrotransposition and occurs more frequently than predicted based on target size. This work not only provides further mechanistic insights into group II intron retrotransposition in L. lactis but also gives clues about the preponderance of group II introns within plasmids in nature.
Materials and Methods
Retrotransposition Assay and Product Characterization. L. lactis NZ9800 and its derivatives, plasmids (pLERIG, pLERIGEndo Ϫ ), media and growth conditions, induction of the RIGmarked intron ( Fig. 2A) , and selection of Kan R colonies were as described (4) . These Kan R colonies, routinely selected on plates containing 20 g͞ml kanamycin, were hybridized against a labeled 24-nt splice-junction probe to identify clones that had undergone retrotransposition (Fig. 2 ) (4). Hybridization and washing were carried out at 45°C. Plasmids isolated from highintensity positive clones were transformed into Escherichia coli DH5␣, tested for Kan R , and sequenced.
Plasmid Copy Number Determination. Total cellular DNA was prepared from NZ9800⌬ltrB cells containing both pLERIG (or pLERIG-Endo Ϫ ) and a retrotransposed intron on its chromosome as described (4, 14) . DNA was digested with EcoRI or KpnI, separated on a 0.8% agarose gel, and transferred onto a neutral Hybond membrane (Amersham Biosciences). EcoRIdigested DNA was hybridized against a 523-bp random primer [␣-32 P]dCTP-labeled Ll.LtrB-specific probe (probe A). KpnIdigested DNA was hybridized against a 5Ј-radiolabeled 28-nt probe (5Ј-CACGTGTTGCTTTGATTGATAGCCAAAA-3Ј; probe B). The probe B sequence is present once on the chromosome and once on the pLERIG backbone. Radioactivity in bands was measured on a PhosphorImager with IMAGEQUANT (Molecular Dynamics), and plasmid copy number was deduced from radioactivity ratios, using sum-above-background calculations. The mass of the plasmid DNA was estimated to be 11.1% of the total DNA in a cell for pLERIG (13.5 kb ϫ 24)͞[(13.5 kb ϫ 24) ϩ 2,600 kb] and 12.7% for pLERIG-Endo Ϫ (13.5 kb ϫ 28)͞[(13.5 kb ϫ 28) ϩ 2,600 kb] for copy numbers of 24 and 28, respectively (see Results). kan R reporter gene is inactivated by insertion of the inverted self-splicing group I td intron and placed in the antisense orientation in Ll.LtrB (Fig. 2 A) (4) . This configuration places the group I intron in spliceable orientation in the Ll.LtrB transcript but not in the kan R transcript. Therefore, only after group I intron excision is an intact kan R gene generated within Ll.LtrB, reporting an RNA-mediated event. Reverse transcription and cDNA integration of the group II intron then allow direct selection of retrotransposition events via the Kan R phenotype, without curing of the donor plasmid. In recent studies of retrotransposition into chromosomal sites of L. lactis NZ9800, we also observed intron invasion into the donor plasmid, pLERIG. This donor is a 13.5-kb Cam R plasmid with the Ll.LtrB-RIG intron cartridge driven by the nisin promoter in L. lactis͞E. coli shuttle vector pLE1 (Fig. 2 A) (4, 16) .
When selected Kan R colonies were probed with an oligonucleotide that discriminates the contiguous kan R gene from the RIG donor intron (Fig. 2 B-D) , some positive clones gave a stronger signal than others in a variety of host and donor backgrounds (Figs. 1B and 2 C and D) . The plasmids harvested from these strongly positive clones carried an additional copy of Ll.LtrB-RIG cassette, which had lost the td intron, indicating retrotransposition back into the plasmid.
A total of 2,293 retrotransposition events were scored in wild-type ⌬ltrB (lacking the chromosomal copy of the intron and some flanking exon sequence) and ⌬recA NZ9800 hosts with wild-type and endonuclease-defective pLERIG donors (Fig.  1B) . With the wild-type donor, 22.6% of events were plasmid integrants, whereas with the Endo Ϫ donor, 33.9% of events were plasmid integrants. Notably, in the complete absence of endonuclease, in the ⌬ltrB host with the Endo Ϫ donor, 40.6% of events were into the plasmid, almost double the number when endonuclease is plentiful.
Plasmid Copy Number Relative to the Chromosome. Because plasmid integration seemed inordinately high, the plasmid copy number was determined relative to the chromosome by using two different methods. Total DNA from cells with different chromosomal retrotransposition events and pLERIG (4) was digested with EcoRI or KpnI. EcoRI-digested DNA was probed with a 32 P-labeled fragment specific for a 523-bp region of Ll.LtrB present in both plasmid and chromosome (Fig. 3 , probe A), whereas KpnI-digested DNA was probed with a 28-nt oligonucleotide specific for a sequence on the chromosome and on the pLERIG backbone ( Fig. 3 , probe B). Whereas probe A detects a plasmid fragment of 3.5 kb and variable chromosomal fragments depending on location of the chromosomal Ll.LtrB insertion, probe B detects two uniform bands in all cases (4.9 kb for plasmid and 7.5 kb for chromosome). For the wild-type donor, plasmid copy number relative to that of the chromosome was 23.6 Ϯ 3.2 for probe A and 24.9 Ϯ 8.4 for probe B. Based on a 13.5-kb plasmid, a 2,600-kb chromosome (17, 18) , and a 24:1 plasmid:chromosome ratio, the total DNA mass of the plasmid is 11.1% of the total DNA in a cell. The fraction of retrotransposition events into the plasmid (22.6%) is therefore twice that predicted (11.1%).
To ensure that the enhanced tendency toward plasmid retrotransposition when endonuclease is limiting is not due to an increased amount of plasmid, copy number was determined for the Endo Ϫ donor. This number was 28.0 Ϯ 5.0, representing 12.7% of potential targets in a cell (Fig. 3, probe B) . Therefore, the fraction of the plasmid events for the Endo Ϫ donor in a ⌬ltrB host (40.6%) is Ϸ3 times higher than predicted based on target size.
This bias toward plasmid events at 20 g͞ml kanamycin could be due to the multicopy nature of the plasmid providing better kan R expression than a single-copy insertion in the chromosome. However, selection under stringent conditions requiring more kan R expression, at 30, 40, 50, 60, 80, and 160 g͞ml kanamycin, did not increase the fraction of plasmid events (see Table 1 , which is published as supporting information on the PNAS web site), arguing against this hypothesis. It is also formally possible that the use of hybridization for the selection introduced a bias, through preferential detection of multicopy events. However, control experiments to examine retrotransposition frequency without employing the probing method gave similar retrotransposition frequencies (data not shown), rendering such an explanation unlikely. We thus conclude that rather than representing some experimentally introduced biases, our results reflect a real propensity for retrotransposition into the donor plasmid.
The Nature of Plasmid Retrotransposition Events. To gain insights into plasmid target preference and into the mechanism of retrotransposition, 33 independent plasmid retrotransposition events were sequenced and analyzed (Fig. 4A) . Neither the distal 5Ј nucleotides, which are recognized by LtrA to promote DNA unwinding during retrohoming (Ϫ23T, Ϫ21G, Ϫ20A, and Ϫ15G), nor ϩ5T in the 3Ј region, which is recognized by LtrA to promote the second strand cleavage (9, 10, 19) , are conserved in either plasmid or chromosomal target sites (Fig. 4 A and B) .
We next compared base pairing possibilities in IBS2, IBS1, and ␦Ј in plasmid and chromosomal sites. The IBS2 of plasmid and chromosomal target-site populations (positions Ϫ12 to Ϫ8) resembles random sequences (data not shown), suggesting that the IBS2-EBS2 contacts are of negligible importance for target recognition, in contrast with the importance of the IBS2-EBS2 interaction during retrohoming (9, 20, 21) . On the other hand, IBS1 (Ϫ6 to Ϫ1) and ␦Ј (ϩ1 and ϩ2), which together comprise a continuous duplex with intron RNA, maintain significant base pairing possibilities. In a statistical analysis examining the number of base-pairing possibilities between the intron and different targets, the distributions of plasmid (19 (Fig. 4C ). For this 8-nt stretch, the chromosomal population has a complementarity peak at 7 bp and the plasmid population has a peak at 6 bp (Fig. 4C) , where the peak for random sequences is anticipated at 4 bp (legend of Fig. 4C ). Whereas one-fourth of plasmid integration sites have 5-bp complementarity, this is so for only 5% of chromosomal sites. Moreover, one-fifth of chromosomal sites have a perfect match (8 bp), whereas only one of 19 plasmid sites (5%) has absolute complementarity. The differences in these distributions suggest that target selection for plasmid invasion is more relaxed than that for chromosomal invasion. Despite generally lower discrimination in targeting to IBS1 sequences, Ϫ6C, which is the most conserved among the chromosomal target sites, is absolutely conserved among the plasmid sites.
Notably, for retrotransposition into expressed regions on plasmids, the introns were inserted in the antisense orientation (7 of 7), as for chromosomal events (Figs. 4A and 5A ). Additionally, almost all (18 of 19) retrotransposition sites are on the strand that serves as a template for lagging-strand DNA synthesis during plasmid replication of the unidirectional mode (22) . Other noteworthy observations are that about one-half of the plasmid target sites are in nontranscribed regions (Figs. 4A and 5A), whereas almost all of the chromosomal sites are within genes, and that there is a retrotransposition hot-spot at plasmid residue 13480 and another at 2134.
It is striking that, whereas the intron was inserted within the donor intron in 10 of the plasmid events, no such intron-intointron events were isolated on the chromosome of introncontaining hosts. It would therefore appear that the ''recipient'' Ll.LtrB sites need to be on the plasmid if they are to be frequently targeted.
Discussion
Retrotransposition of a group II intron in L. lactis resulted in a disproportionally high number of events into the plasmid donor, relative to the chromosome. A detailed characterization of integration sites and intron orientation reinforces the model that the group II intron retrotransposes preferentially into ssDNA molecules in its natural L. lactis host (4), and provides mechanistic rationales for the prevalence of group II introns in plasmids in natural populations.
Target Specificity Differences on Plasmid Relative to Chromosomal
Sequences. Target site discrimination is somewhat lower for plasmid than for chromosomal sequences. This is particularly true for deoxynucleotides involved in base-pairing with EBS1 of the RNA, which are most stringently required for retrotransposition (Fig. 4 A-C) (3, 4) . Although it is unknown why plasmid integration is less discriminatory, this somewhat relaxed speci- Fig. 3 . Plasmid copy number determination. Probe A: Hybridization with an Ll.LtrB-specific probe. The chromosomal Ll.LtrB intron is indicated by arrows, whereas pLERIG is represented by the 3.5-kb band. Probe B: Hybridization with an oligonucleotide probe specific for chromosome and plasmid sequences. Genomic sequence corresponds to the 7.5-kb band, whereas pLERIG is represented by the 4.9-kb band. WT ϭ pLERIG, and Endo Ϫ ϭ pLERIG-Endo Ϫ . Although four strains with independent chromosomal Ll.LtrB intron locations were analyzed for WT, only two are shown in the figure, as pairs. Plasmid copy number was determined at least in duplicate for each strain and averaged as indicated in the text.
ficity is likely an important factor in the preferential integration into the plasmid target.
Residue Ϫ6C in IBS1 is invariant among all of the plasmid integration sites (Fig. 4 A and B) . In addition, positions ϩ1 and ϩ2 (␦Ј) are fairly well conserved. These residues are likely important for intron-target base-pairing to form a complex that can initiate reverse splicing (5) . Regardless, this specificity at Ϫ6C and ␦Ј is consistent with the concept that the most discriminatory contacts are those that flank the intron insertion site, in accord with the group II RNP being active on intronless but not intron-containing alleles.
The Nature of Plasmid Integrants Favors a ssDNA Replication-Coupled
Retrotransposition Pathway. Retrotransposition events are distributed around pLERIG, with cold-spots in the essential replication region (repD, repE, and pAM␤ ori), and hot-spots at 13480, (C) Statistical analysis of base-pairing potential of integration sites. Nucleotides that can base pair with the intron were counted for each site for the IBS1-␦Ј region (Ϫ6 to ϩ2). The number of sites having the indicated number of base-pairing possibilities was divided by the total number of events, as indicated in the text. G-T and U-G pairs were counted, although only nucleotides that are identical to the homing site are highlighted in A. The anticipated value for random sequence is 4.0 bp, because C and T are allowed at Ϫ6 to maintain base pairing; likewise, A and G at Ϫ5, C and T at Ϫ4, A and G at Ϫ2 and Ϫ3, C and T at Ϫ1, C and T at ϩ1, and A and G at ϩ2; thus, the number of base pairs would be (0.5 ϫ 8 positions) ϭ 4. Gray bars, plasmid; black bars, chromosome.
close to the E. coli plasmid origin (p15A ori), and at 2134, corresponding to a site in domain I of Ll.LtrB (Fig. 5A) . Frequent integration at 13480 could be ascribed to the ability of the stretch from Ϫ6 to ϩ1 to perfectly base pair with the intron (allowing G-U pairs) and͞or to bases Ϫ23T, Ϫ21G, Ϫ20A, and ϩ5T involved in IEP contacts being conserved. Alternatively, although the p15A ori is not functional for replication in L. lactis, a proximal DNA structure might facilitate integration in this region. This may also be the case for the hotspot at 2134, which has neither nucleotides favorable for protein contacts nor significant base-pairing possibilities.
The integration sites on the donor plasmid highlight several important points relating to the mechanism of retrotransposition. Although the strong bias toward the antitranscription orientation and nontranscribed regions (Fig. 4 A and C) may be due to selection for Kan R events (4), they preclude the use of an RNA target (3) with the RIG selection system. These results indicate that retrotransposition occurred via reverse splicing into DNA, as for chromosomal events.
The bias toward retrotransposition into the template for the lagging-strand plasmid DNA synthesis is stronger than that for chromosomal events: all but one insertion site reside on the lagging template of the plasmid (Figs. 4A and 5A ). Because retrotransposition into the leading-strand template generates a direct repeat of the intron, these products might have been counterselected via recombination-mediated deletion. However, such recombination events are rare (see, for example, ref. 23) and therefore unlikely to account for the observed laggingstrand bias. Instead, the bias may reflect the intron favoring invasion of ssDNA intermediates during plasmid replication, followed by reverse transcription initiated with the 3Ј end of a nascent Okazaki fragment (Fig. 5B, pathway b) (4) .
This model of replication-coupled integration into ssDNA during retrotransposition is further supported by the following two observations. First, those residues required for unwinding of duplex DNA (Ϫ23T, Ϫ21G, Ϫ20A, and Ϫ15G) (9, 10, 19) are not highly conserved in the plasmid targets. Second, the plasmid was preferred for retrotransposition in all host-donor combinations, and such plasmid events were enriched in the complete absence of endonuclease (Fig. 1B , ⌬ltrB, Endo Ϫ donor). Because the endonuclease is required for integration into dsDNA, the preponderance of events in its absence favors a ssDNA-targeted pathway (Fig. 5B) , consistent with the intron's ability to reversesplice into ssDNA in vitro (4).
The Propensity of Group II Introns to Reside in Plasmids. The bias toward retrotransposition into plasmids (Fig. 1B) is likely related to the report that at least 17 of the 36 documented full-length group II introns identified in bacteria reside on plasmids rather than chromosomes (13) , despite the size differential of these replicons. Although the nature and mode of replication of the intron-containing plasmids are not known, group II intron distribution contrasts with that of bacterial group I introns, truncated ltrB gene are 1625-5894, group II intron 1803-5818, ltrA 2376 -4185, kan R 4236 -5550, group I intron 4559 -4951. The small arrows outside the plasmid indicate positions and orientations of retrotransposition events identified in this study (Fig. 1B) . Unidirectional plasmid replication begins at pAM␤ ori and proceeds in the same direction as repE (inner circle). The recA status of the host and endonuclease (Endo) status of the plasmid for specific events are indicated by arrows as described in the rectangular box. (B) Pathways for retromobility. Retrohoming into dsDNA (2) (a) is contrasted with the ssDNA-targeted retrotransposition pathway at the replication fork as described in this and previous work (4) (b). Reaction steps are as follows: 1, reverse splicing into DNA target; 2, bottom-strand cleavage by LtrA endonuclease; 3, cDNA synthesis by LtrA reverse transcriptase; 4, removal of intron RNA and second-strand cDNA synthesis; 5, repair synthesis.
Fig. 5.
Plasmid integration sites give mechanistic insights. (A) Map of plasmid retrotransposition sites. Genes on the plasmid, ltrB, kan R interrupted by gpI (td intron), repD, repE, cam R (ϩ), and cam R (Ϫ) (for Gram-negative cam R ), and truncated tnpA, are indicated as large arrows. The coordinates of the which invade dsDNA. No group I introns have been reported on natural plasmids, with almost all residing in chromosomes or bacteriophage genomes (24) .
One should remain open to the possibility that plasmidtargeting reflects a cis preference, particularly because transcription and translation are coupled. Although this explanation has not been eliminated, it is not easily reconciled with the increased propensity to integrate into plasmids when endonuclease is absent (Fig. 1B) . Interestingly, most bacterial group II introns lack the endonuclease domain (13) . Therefore, especially in the absence of the second strand cleavage, the intron seems to prefer plasmid molecules, possibly also accounting for the prevalence of group II introns in natural plasmid populations. Regardless, the low target specificity described above would tend to allow promiscuous reverse splicing into plasmid genomes.
Accessibility of the replication fork to the intron RNP would also be an important factor for retrotransposition via the ssDNAtargeted pathway (Fig. 5, pathway b) . Whereas chromosomal replisomes remain at the center of the cell and the replicated DNAs are released toward each cell pole (25, 26) , plasmids lacking partitioning systems are distributed randomly in cytosolic spaces (27) . Because pLERIG lacks a partitioning system, it is likely distributed and replicated in the cytosolic space, where the intron RNP would reside, rather than in the nucleoid. We therefore speculate that the single-stranded lagging-strand template on this plasmid is, as possibly also in some natural plasmids, more accessible than that on the chromosome, thereby favoring integration. Another possible explanation for plasmid preference is density of replication forks, given the greater number of forks per unit length of DNA on plasmids than on the chromosome.
The observation of lagging-strand bias provides hints on the mechanism of retrotransposition during conjugation, in which the lagging strand is synthesized in the recipient cell (28) , and may explain the frequent residence of the group II intron in conjugative plasmids. It indeed seems advantageous for group II introns to reside on plasmids that are themselves mobile. Such plasmids can travel between different bacterial cells, thereby facilitating the spread of group II introns. The preferential targeting of plasmid replicons, especially conjugative plasmids, might be a consequence of the strategic choice of group II introns to survive in a bacterial world under pressure to minimize genome size.
